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Successful Identification of Pathogens by
Polymerase Chain Reaction (PCR)-Based
Electron Spray Ionization Time-of-Flight Mass
Spectrometry (ESI-TOF-MS) in Culture-Negative
Periprosthetic Joint Infection
Christina L. Jacovides, BS, Rachael Kreft, BS, RN, Bahar Adeli, BA, Bryan Hozack, BA,
Garth D. Ehrlich, PhD, and Javad Parvizi, MD, FRCS
Investigation performed at the Rothman Institute of Orthopedics at Thomas Jefferson University Hospital,
Philadelphia, and the Allegheny Singer Research Institute, Pittsburgh, Pennsylvania
Background: The diagnosis of periprosthetic joint infection poses many challenges, one of which is the difficulty of
isolating the infecting organism. Recently, a sophisticated modality (the Ibis Biosciences T5000 biosensor system) has
been introduced that uses pan-domain primers in a series of polymerase chain reactions (PCRs) to identify and speciate
essentially all bacteria and fungi as well as to identify key antibiotic resistance genes. We investigated the role of the Ibis
in identifying infecting organisms in cases of known and suspected periprosthetic joint infection.
Methods: Synovial fluid specimens were collected prospectively from eighty-two patients undergoing eighty-seven ar-
throplasty procedures (sixty-five knee revisions, fifteen hip revisions, and seven primary knee arthroplasties) and were
sent for both conventional culture and Ibis analysis. The surgeon’s clinical determination of the cause for revision
arthroplasty was failure due to infection in twenty-three cases and noninfectious failure in fifty-seven cases.
Results: In the twenty-three cases that were considered on clinical grounds to involve a periprosthetic joint infection, the
Ibis detected the same pathogen isolated by conventional culture in seventeen of eighteen cases and also detected one or
more organisms in four of the five culture-negative cases. In addition, the Ibis detected organisms in fifty (88%) of the fifty-
seven cases in which revision arthroplasty was performed for a presumed noninfectious failure.
Conclusions: The Ibis technology was not only effective at detecting organisms in cases of suspected periprosthetic joint
infection in which cultures were negative, but it also suggested that many of the revision arthroplasty cases that have
previously been considered to be purely aseptic may have a component of unrecognized, subclinical infection.
Level of Evidence: Diagnostic Level III. See Instructions for Authors for a complete description of levels of evidence.
T
he diagnosis of periprosthetic joint infection is a chal-
lenge. Since no highly accurate diagnostic method exists,
clinicians must rely on some combination of clinical
suspicion, serology, culture, and basic molecular techniques1,2.
Identification of the infecting organism is most commonly ac-
complished with use of culture. However, since culture cannot
always provide accurate information about the existence and
virulence ofmicroorganisms in an infected joint, the diagnosis of
periprosthetic joint infection may remain elusive1-6.
Inaccuracy of culture results includes false-positive and
false-negative results. Obtaining multiple cultures and also
incorporating laboratory findings and clinical symptoms in a
Disclosure: None of the authors received payments or services, either directly or indirectly (i.e., via his or her institution), from a third party in support of any
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diagnosis of periprosthetic joint infection can help to reduce the
impact of false-positive culture results on the course of treatment.
False negatives present a more onerous problem4,6, particularly in
patients with clear clinical signs of infection, since antibacterial
treatment cannot be appropriately tailored against a specific
infecting organism7,8. Moreover, justifying additional surgical
procedures in the absence of positive identification of a pathogen
is psychologically difficult for both the patient and the surgeon.
The use of molecular techniques to identify pathogenic
species in orthopaedic patients was first employed to address
the limitations of standard cultures9-13. Polymerase chain reaction
(PCR)-based assays represent a rapid, sensitive means of identi-
fying pathogens when standard culture methods may fail9-11,13,14.
Historically, this technique involved amplification of DNA with
use of either species-specific primers or a single pan-domain
primer pair for the gene for 16S ribosomal RNA (rRNA). These
approaches led, respectively, to high false-negative and high
false-positive rates12. More recent efforts have improved the
specificity of amplification-based methods by using messenger
RNA (mRNA) as a target15. To increase the speed of diagnosis,
a dry-reagent dipstick that can assess the presence of common
infectious organisms within minutes has also been introduced16.
The present study, which is an extension of a previous
study and includes some patients previously reported on17, in-
vestigated the role that a novel pan-domain DNA-based ampli-
fication and analysis system, the Ibis T5000 biosensor (Isis
Biosciences, Carlsbad, California [now a subsidiary of Abbott
Laboratories, Abbott Park, Illinois]), may be able to play in im-
proving the diagnosis of periprosthetic joint infection. We de-
termined how frequently the Ibis identified the same organism
and resistance genes as conventional culture in patients under-
going revision arthroplasty, as well as how frequently it identified
additional organisms or resistance genes not seen by conventional
culture. We then compared components of the assay results
(identification of organisms, confidence level of identification,
and number of genomes) with the clinical findings and assessed
the sensitivity, specificity, positive and negative predictive values,
and accuracy of the Ibis in the diagnosis of periprosthetic joint
infection. We additionally analyzed the findings in primary total
knee arthroplasty samples and in samples from consecutive
surgical procedures on the same joint.
Materials and Methods
All patients undergoing primary or revision knee or hip arthroplasty fromFebruary 2009 to May 2010 were eligible for recruitment into this study,
which was approved by our institutional review board. A total of 361 revisions
(201 hips and 160 knees) were performed in 341 patients during this period. We
prospectively collected intraoperative synovial fluid specimens from eighty-two
of these patients during eighty-seven surgical procedures (sixty-five revision
total knee arthroplasties in sixty-three patients, fifteen revision hip arthroplas-
ties in fifteen patients, and seven primary total knee arthroplasties in five pa-
tients). (Two patients underwent bilateral primary total knee arthroplasty, one
patient underwent bilateral revision total knee arthroplasty, one patient un-
derwent two revision arthroplasties of the same knee, and one patient under-
went a primary and a revision arthroplasty of the same knee.)
These patients had undergone routine workups for infection (in ac-
cordance with institutional protocols) that were standardized among all sur-
geons. Intraoperative synovial fluid and/or tissue specimens were sent for
culture, and synovial fluid was sent for analysis with use of the Ibis technology.
Joints were diagnosed as infected or uninfected by the treating surgeon on the
basis of clinical suspicion (clinical judgment in the office and operating room)
and a combination of tests involving serum (erythrocyte sedimentation rate
[ESR] and C-reactive protein [CRP] level), synovial fluid (cell count with
differential and culture), and tissue (culture).
Synovial fluid was collected in the operating room with use of a sterile
syringe, transferred to sterile cryogenic vials on ice, and flash-frozen in liquid
nitrogen at 2140C within one hour of collection. Samples were stored and
shipped in batches to a different institution for the Ibis analyses.
After shipping, the synovial fluid samples were stored at 280C until
DNA extraction was performed. A 1-mL aliquot was centrifuged at 10,000 rpm
for three minutes, 900 mL of supernatant was removed, and lysis buffer (Buffer
ATL; Qiagen, Valencia, California) and proteinase K were added to the re-
maining sample. The sample was incubated at 56C until lysis was achieved (as
determined by the absence of visible tissue structure). Nucleic acid from the
lysed sample was extracted with use of a DNeasy Blood & Tissue kit (catalog
number 69506; Qiagen). A 10-mL aliquot of the extracted DNA sample was
loaded into each of sixteen different primer wells on a BAC (bacteria, antibiotic
resistance, Candida) detection PCR plate (catalog number 05N13-01; Abbott
Molecular, Des Plaines, Illinois). The BAC detection plate is a ninety-six-well
microtiter plate that analyzes six specimens at a time and provides for the
speciation of all bacterial organisms and Candida species as well as the detection
of several key antibiotic resistance markers (including vanA and vanB [van-
comycin resistance] in enterococci, KPC [carbapenem resistance] in gram-
negative bacteria, andmecA [methicillin resistance] in staphylococci). Once the
PCR process was complete, the plate was loaded onto the Ibis T5000 instru-
ment. The PCR products were desalted in a ninety-six-well plate format and
were sequentially introduced with use of electron spray ionization into the
time-of-flight mass spectrometer (ESI-TOF-MS). The resultant spectral signals
were processed to determine the masses associated with each of the PCR
products with sufficient accuracy that the base composition of each amplicon
could be unambiguously deduced.
The Ibis technique is based on the principle that, despite their great
genomic diversity, microbial organisms have genomes containing sets of
common genes that are shared at various taxonomic levels and that can provide
targets for detection and speciation. The broadest-range primers are designed
to amplify a product from an entire domain of microbial life (e.g., all eubac-
teria), whereasmore specific primers are designed to identify genera and species
in major pathogenic groups, as well as genes that determine antibiotic resis-
tance. Most samples produce a mixture of products, reflecting the diversity of
the original mixture of organisms present in the starting sample.
All positive findings from the Ibis were confirmed by deep 16S rRNA
gene sequencing with use of a sequencing system from 454 Life Sciences
(Branford, Connecticut). We designed a unique sequence-based bar-coded 16S
PCR primer pair for each sample to provide for multiplexing and bioinformatic
deconvolution of the results following sequencing. Primers were generated by
combining the sequencing primer key (454 Life Sciences), an exclusive 10-base
MID (multiplex identifier) adaptor (454 Life Sciences), and a sequence targeted
to the 16S rRNA gene. DNA from each orthopaedic sample and DNA from
negative controls (processed identically to the specimens) were used as the PCR
templates. The PCR procedures were performed in 50 mL of solution con-
taining 1X High Fidelity PCR Buffer, 2.0 mM MgCl2 solution, 0.8 mM dNTP
Mix, and 1 U Platinum Taq DNA Polymerase High-Fidelity (all from In-
vitrogen, Carlsbad, California), 0.4 mM of each primer (IDT, Coralville, Iowa),
and 5 mL of DNA extract. Cycling involved an initial denaturation step at 94C
for two minutes followed by thirty cycles of 94C for thirty seconds, 55C for
thirty seconds, and 72C for sixty seconds, followed by a final extension for
sevenminutes at 72C. Five microliters of the PCR products was visualized on a
1% agarose gel. Positive PCR products were purified with use of an Agencourt
AMPure XP system (Beckman Coulter, Beverly, Massachusetts) and quantified
with use of a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). All primers
that produced 16S PCR fragments were diluted to an equimolar concentration
(48 pg/mL). The PCR products were then pooled into two groups of samples to
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create two duplicate amplicon libraries. Sequencing of the amplicon libraries
was then performed with use of the GS FLX Titanium series (454 Life Sciences)
according to the manufacturer’s guidelines. Following conclusion of the 16S
sequencing run, reads were separated by MID (i.e., by sample), and the MIDs
were stripped from the reads. The reads for each sample were then analyzed
with use of an online RDP (Ribosomal Database Project) classifier tool (http://
rdp.cme.msu.edu/classifier/classifier.jsp).
For each sample tested, the Ibis results gave the organisms and resis-
tance genes identified, the confidence level of each identification (on a scale
from 0.0 to 1.0), and the concentration of each product (number of genomes
found per well). We analyzed the degree of correspondence between each of
these output parameters from the Ibis with the surgeon’s diagnosis of the
presence of infection.
Statistical Methods
Descriptive statistics (means and standard deviations for continuous variables,
and frequency distributions for categorical variables) were calculated. The t test
was used to compare means for continuous variables, and chi-square analysis
was used for categorical variables. A p value of 0.05 was considered significant.
Sensitivity and specificity analyses were conducted, with surgeon judgment
regarding the presence or absence of periprosthetic joint infection as the gold
standard.
Source of Funding
No authors or affiliated institutions received financial support related to this study.
Results
Twenty-three of the included arthroplasties were revised forpresumed failure due to infection, and fifty-seven were
revised for presumed aseptic failure. Samples from seven pri-
mary total knee arthroplasties were also analyzed (Table I).
We began our analysis by examining the correspondence
between the conventional culture results and Ibis results in the
infected and uninfected groups (Fig. 1 and Table II). Conven-
tional culture isolated organisms in eighteen of the twenty-three
cases inwhich revisionwas due to a suspected infection;multiple
genera were identified in three cases. Of note, in four of these
eighteen cases the organism isolatedwas found in a single culture
with ‘‘very light’’ or ‘‘broth only’’ growth; at our institution, such
culture results raise concerns of contamination and are conven-
tionally considered ‘‘false’’ positives. The Ibis detected the same
organism as culture in seventeen of the eighteen cases with pos-
itive cultures, and also identified an additional organism in three
of these seventeen cases. In the eighteenth case, the Ibis detected
Streptococcus, Enterococcus, and Treponema species, whereas con-
ventional culture isolated Peptostreptococcus and Corynebacterium
species. Importantly, no patient for whom conventional culture
isolated an organism had a negative Ibis result. The Ibis also
identified the mecA gene in all eight of the patients in whom
methicillin-resistant Staphylococcuswas isolated by culture. In fact,
one of these methicillin-resistant Staphylococcus cultures (which
the Ibis confirmed) was one of the cultures that was suspected to
be a false positive.
In the remaining five culture-negative cases of peri-
prosthetic joint infection, the Ibis identified organisms in four
cases. Staphylococcus and/or Streptococcus species plus multiple
other genera were identified in two cases, Enterococcus was iden-
tified in one case, and Acinetobacter was identified in the re-
maining case. Intraoperative purulence had been noted in three of
these four Ibis-only positive cases, and both the ESR and CRP
values were elevated in the fourth case. The Ibis identified no
organisms in the remaining culture-negative case that was con-
sidered infected at the time of surgery. This patient had undergone
a single-stage exchange arthroplasty for infection four months
prior to resection (at which time fluid was collected) and had
elevated ESR andCRP values at the time of the resection surgery, a
moderate amount of cloudy fluid in the knee but no purulence,
and six negative cultures. She underwent reimplantation three
TABLE I Demographic and Laboratory Characteristics of Presumed Infected and Uninfected Patients
Revision
Characteristic* Infected† Uninfected† P Value Primary†
Demographics
Age (yr) 69 ± 10 64 ± 11 0.06 58 ± 10
Sex (% male) 39.1 54.4 0.32 40.0
BMI (kg/m2) 31 ± 5 33 ± 7 0.15 40 ± 6
Joint (% knees) 87.0 78.9 0.53 100
Laboratory values
ESR (mm/hr) 80 ± 28 26 ± 17 <0.0001
CRP (mg/dL) 9.3 ± 8.8 0.9 ± 0.8 <0.0001
Synovial WBC (per mL) 21,000 ± 24,000 1200 ± 2600 <0.0001
Synovial PMN (%) 84 ± 20 34 ± 31 <0.0001
Purulence‡ (% purulent) 91 0 <0.0001
Culture§ (% positive) 61 0 <0.0001
*BMI = body mass index, ESR = erythrocyte sedimentation rate, CRP = C-reactive protein, WBC = white blood cell, and PMN = polymorphonuclear
cell.†Values are given as the mean and the standard deviation unless otherwise indicated.‡Documented by the surgeon in the operative report at
the time of revision. §Cultures included preoperative culture of synovial fluid specimens and intraoperative tissue and fluid cultures.
2249
THE JOURNAL OF BONE & JOINT SURGERY d J B J S .ORG
VOLUME 94-A d NUMBER 24 d DECEMBER 19, 2012
IDENTIF ICAT ION OF PATHOGENS BY MASS SPECTROMETRY IN
CULTURE-NEGATIVE PER IPROSTHET IC JOINT INFECT ION
months following resection, with a good outcome on long-term
follow-up.
The fifty-seven cases in which revision was performed for
a presumed noninfectious failure included one case in which a
positive culture was believed to be a false positive, fifty-one
cases with negative cultures, and five cases for which culture
results could not be found. The Ibis did not identify the or-
ganism identified by the presumed false-positive culture
(Propionibacterium acnes), but rather identified organisms
from two other genera (Enterococcus and Campylobacter) in this
patient’s sample. The Ibis detected one or more organisms in
forty-nine of the remaining fifty-six cases; multiple organisms
were detected in twenty-four of the cases (Table II). The Ibis
also identified the mecA gene and Staphylococcus species in
a single case. This patient’s revision arthroplasty failed six
months following surgery, and she required an irrigation
and debridement for subsequent periprosthetic joint infec-
tion. Examination of the medical records of the patients who
underwent revision for a presumed noninfectious cause re-
vealed that seven patients had a surgical history that involved
infection and sixteen had abnormal serology and/or synovial
cell counts (frankly abnormal in eight and borderline abnormal
Fig. 1
Comparison of the Ibis results with results from conventional culture, shown as ‘‘Positive’’ or ‘‘Negative.’’ ‘‘Positive’’ results include both ‘‘true’’
positives (substantial growth or growth on more than one plate) and ‘‘false’’ positives (minimal growth on a single plate). ‘‘Negative’’ results include
both negative cultures and patients in whom no culture was taken. The number (N) in each group is given at the far right. For each patient’s sample, we
determined whether the Ibis identified (1) the same organism as culture and no additional organisms, (2) the same organism as culture plus additional
organism(s), (3) only organisms not found in culture, or (4) no organisms. Results are plotted as percentages within each subcategory for the total
cohort as well as for the groups presumed to be infected and uninfected. Positive culture results matched well with the Ibis results. Of note, four of five
patients in the infected group with negative cultures had positive Ibis findings. No patients in whom cultures identified an organism had negative Ibis
results.
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in eight). Nevertheless, the overall clinical picture had still
suggested a noninfectious etiology for the arthroplasty fail-
ure in all of these patients. The only other subsequent pro-
cedures in this cohort were due to stiffness (one patient who
underwent a manipulation under anesthesia) and instability
(one patient whose hip was multiply revised and who ulti-
mately required a Girdlestone procedure). The remaining
patients in the uninfected group who had a positive Ibis
finding have done well, without further problems or failures
to date, although the maximum duration of follow-up was
only 1.7 years.
We evaluated the sensitivity, specificity, positive and
negative predictive value, and accuracy of each component
of the Ibis results for differentiating between infected and
uninfected patients (Table III). The presence of one or more
organisms, the presence of staphylococci and/or strepto-
cocci, and a confidence level of >0.7 for the identification
of any organism had the greatest sensitivity for peripros-
thetic joint infection (95.7%, 87.0%, and 95.7%, respec-
tively). The presence of mecA, a confidence level of >0.8 for
the identification of any organism, and a maximum number
of genomes per well of >200 had the greatest specificity
for periprosthetic joint infection (98.3%, 84.2%, and 96.5%,
respectively).The presence of mecA had the greatest positive
predictive value (87.5%), and a confidence level of >0.7
for the identification of any organism and the presence of
staphylococci and/or streptocci had the greatest negative
predictive value (96.0% and 93.3%, respectively).
The Ibis results were negative in two of the seven
primary total knee arthroplasty cases (five patients). Three
organisms were identified in each of four cases, and one
organism was identified in the remaining case (Table II). In
the two patients who underwent bilateral total knee ar-
throplasty, the Ibis profiles differed between the two knees.
In one patient, one knee had negative Ibis results and the
other had Enterococcus, Treponema, and Bacillus species. In
the other patient, one knee had Campylobacter species and
the other had Enterococcus, Treponema, and Staphylococcus
species.
In two patients, fluid samples were captured from the
same knee in consecutive surgical procedures. One patient
underwent primary total knee arthroplasty and then revi-
sion surgery nine months later; the other underwent two
revision total knee arthroplasties involving the same knee
six months apart. For the first patient, the Ibis identified
Enterococcus, Treponema, and Aureobasidium species in the
sample from the primary total knee arthroplasty and Strepto-
coccus, Staphylococcus, and Acinetobacter species in the sample
from the revision surgery. For the second patient, the Ibis
identified Staphylococcus, Stenotrophomonas, Treponema, and
Candida species at the first revision surgery and Streptococcus
species at the second revision.
TABLE II Distribution and Comparison of Genera Identified by Culture and by the Ibis
Infected (N = 23) Uninfected (N= 57) Primary (N = 7)
Organisms identified Culture Ibis Culture Ibis Ibis
Any organism 18 22 1 50 5
Multiple genera 3 6 — 25 4
Individual genera present
Acinetobacter — 1 — 18 —
Campylobacter — — — 6 1
Candida — 2 — 3 —
Cladosporium — — — 3 —
Corynebacterium 3 — — 1 —
Enterococcus — 3 — 6 4
Klebsiella — 2 — — —
Mycoplasma — — — 2 —
Peptostreptococcus 1 — — — —
Propionibacterium — 1 1 — —
Pseudomonas — — — 3 —
Staphylococcus (MR)* 8 8 — 1 —
Staphylococcus (MS)* 5 7 — 8 1
Streptococcus 4 6 — 8 1
Treponema — 2 — 20 4
Other — 2† — 8‡ 2§
*MR = Methicillin-resistant, and MS = methicillin-sensitive. †Includes 1 case each with Abiotrophia and Stenotrophomonas species. ‡Includes
1 case each with Bacillus, Bordetella, Bifidobacterium, Coccidioides, Comamonas, Erwinia, Malassezia, and Pleosporales species. §Includes 1 case
each with Bacillus and Aureobasidium species.
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Discussion
In this study, we examined the correspondence betweenfindings from the Ibis and from conventional culture, and
we also performed a preliminary assessment of the diagnostic
value of the Ibis findings. We believe that the Ibis system is not
only a valuable tool for the diagnosis of periprosthetic joint
infection but also advances our understanding of the patho-
physiology of this disease.
First, the Ibis findings agreed with the findings of the
conventional cultures. No patient who had an organism iden-
tified by conventional culture had a negative Ibis result. More-
over, the Ibis identified the same organism as conventional
culture in seventeen of eighteen patients in whom an infection
was suspected on the basis of clinical evaluation. In the one
patient in whom the specific organism identified in culture was
not identified by the Ibis, the Ibis identified a different organism
in the sample. Finally, the Ibis accurately identified the mecA
gene in eight of eight cases of infection in which conventional
culture isolated a methicillin-resistant organism. Notably, one of
these cultures would likely have been considered a false positive
due to minimal growth in culture.
Wewere very interested by the Ibis findings in patients with
culture-negative infection, since one of the main goals of using
molecular techniques to diagnose periprosthetic joint infection is
to increase the rate of organism identification in culture-negative
cases. False-negative cultures in a patient with periprosthetic joint
infection may be due to a variety of factors. First, hospital culture
media support only a select number of pathogens and may be
unable to identify infections caused by rare or fastidious micro-
organisms14,18,19. Second, slow-growing pathogens may not be
identified within the standard incubation period; moreover, in-
creasing the incubation period would increase the rate of false-
positive results19,20. Third, formation of complex biofilms on
prosthetic surfaces decreases the quantity of free-floating bac-
teria, consequently leading to a greater likelihood of a negative
culture21-24. Finally, antibiotic prophylaxis can result in nega-
tive cultures25,26. The Ibis identified organisms in four of the
five patients who had negative cultures at the time of revision
arthroplasty but were considered by the surgeon to have an
infection. This result shows promise for improving the diag-
nosis of patients with false-negative cultures, since it appears
that the Ibis can circumvent all of these problems and make
possible the identification of both the infecting organisms and
resistance genes.
Despite the strong correspondence between the Ibis and
culture findings in patients with culture-positive periprosthetic
joint infection, we saw a very different pattern among patients
who were not considered to have an infection at the time of
surgery. The majority of these patients had positive Ibis findings
that were subsequently confirmed by deep 16S sequencing. These
results suggest that our ability to detect bacteria associated with
a joint is not always indicative of overt disease. In attempting
to make clinical sense of these findings, we note that several
studies have suggested that subclinical infections may progress
very slowly, without the production of standard inflammatory
markers or culturable bacteria, yet may still result in pathology
that requires joint replacement27-30. Ince et al. attempted to use
PCR and conventional culture to establish the presence of such
‘‘subclinical’’ infection in patients in whom an acetabular cup
underwent revision for an apparently aseptic cause; however, an
organism could be identified in only one of twenty-four cases31.
In contrast, a study by Gu¨nther et al. showing that different gene
products are activated in the context of infectious compared with
noninfectious loosening of a joint endoprosthesis32 suggests that
host factors play an important role in the pathophysiology of
periprosthetic joint infection. The complete pathophysiology of
arthroplasty failure in the setting of bacterial presence in the joint,
however, is still under investigation.
TABLE III Sensitivity, Specificity, Positive and Negative Predictive Values, and Accuracy of Ibis Findings
Revision*
Ibis Findings
Presumed
Infected
(N = 23)
Presumed
Uninfected
(N = 57)
Sensitivity
(%)
Specificity
(%)
PPV
(%)
NPV
(%)
Accuracy
(%)
Primary,
Presumed
Uninfected
(N = 7)
Species
present†
1 or more
2 or more
22
9
50
25
95.7
39.1
12.3
43.9
30.6
26.5
87.5
30.4
90.0
48.8
5
4
Staph. or Strep. 20 15 87.0 73.7 57.1 93.3 43.8 2
mecA1 7 1 30.4 98.3 87.5 77.8 10.0 0
Confidence
level‡
>0.70 22 33 95.7 42.1 40.0 96.0 68.8 5
>0.80 18 9 78.3 84.2 66.7 90.6 33.8 0
Maximum
genomes/well
>50 12 18 52.2 68.4 40.0 78.0 37.5 4
>100 10 9 43.5 84.2 52.6 78.7 23.8 1
>200 5 2 21.7 96.5 71.4 75.3 8.8 0
*PPV = positive predictive value, and NPV = negative predictive value. †Identification of the presence of one or more organisms, two or more
organisms, Staphylococcus and/or Streptococcus species, and the mecA gene sequence, respectively. ‡Highest confidence level of an identified
organism.
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It remains possible that some of the patients in the osten-
sibly uninfected group in our cohort in fact had long-standing
occult infections30. At least one of these patients (in whom the
Ibis identified both the mecA gene and Staphylococcus species)
required an irrigation and debridement for periprosthetic joint
infection six months after her first revision arthroplasty. This
patient also had elevated serology and synovial fluid parameters at
the time of her first revision, suggesting an ongoing inflammatory
process. At least four additional patients had a medical or surgical
history of infection. These findings reflect the high sensitivity of
the Ibis; i.e., surgeons should not take identification of an organ-
ism by the Ibis as an indication of the need for revision arthro-
plasty in the same way that they would if a florid infection were
present. It is also clear that additional studies need to be con-
ducted to better define the root causes of what is currently con-
sidered noninfectious loosening, since our findings suggest that
occult infection could play a role in hastening this pathology.
Because of the high sensitivity of the Ibis, we questioned
how individual components of the Ibis results matched against
clinician-determined periprosthetic joint infection. We iden-
tified several characteristic Ibis findings that corresponded well
with the presence of clinically relevant infection. We believe
that better characterization of the features of a clinically rele-
vant Ibis result will increase the immediate clinical utility of this
technology. Of note, the presence of the mecA gene appeared to
have the highest positive predictive value for infection, whereas
both the absence of Staphylococcus or Streptococcus and a low-
confidence identification of an organism by the Ibis had the
highest negative values for infection.
Finally, the findings from both the primary total knee
arthroplasty patients and the patients from whom we obtained
synovial fluid samples during consecutive surgical procedures
were interesting. In none of the primary total knee arthroplasties
did the Ibis identify the mecA gene, nor did it identify any
organism at a confidence level of >0.8 or with >200 genomes
per well. The presence of organisms in joints during primary
arthroplasty is not surprising, given that the joint space is not
sterile and may be susceptible to hematogenous seeding. Al-
though our sample size of consecutive surgical procedures was
small, it was also interesting to note the changing characteristics
of the synovial flora over time in each patient’s samples. Both of
these results support the concept that the development of peri-
prosthetic joint infection may involve a more complex patho-
physiology than may have been previously considered.
We believe that the Ibis may play one final important role.
Its use of pan-domain primers allows the placement of novel
amplicons on a phylogenetic tree and comparison with existing
species and their virulence patterns. This capability will not only
lead to the discovery of new species and mutations within spe-
cies, but it will also improve our understanding of the way in
which these changesmay affect diagnosis, treatment (specifically,
in cases of antibiotic resistance), and patient outcomes.
There are several limitations inherent in our study. First,
the duration of follow-up of many of the patients was limited,
and we therefore cannot comment on associations between the
findings from the Ibis and long-term outcomes. Despite this
minimal follow-up, however, the Ibis still appears to be clinically
useful in the acute evaluation of periprosthetic joint infection in
the setting of clinically established infection and a series of neg-
ative cultures. Second, we found it easier to obtain synovial fluid
samples from patients undergoing revision knee arthroplasty
compared with hip arthroplasty, and we therefore combined
data from the two joints to increase the power of our analyses.
Combination of these two groups, however, may inaccurately
conflate different parameters between the two groups. Third,
despite the good match between findings from the Ibis and those
from conventional culture in settings in which culture identified
an organism, there was a single patient in whom we found a
discrepancy between the findings from culture (Peptostreptococ-
cus and Corynebacterium) and those from the Ibis (Streptococcus,
Enterococcus, and Treponema). Given the high sensitivity of the
Ibis, we were surprised to note this discrepancy and can only
postulate that some degree of contamination led to this result.
The Ibis appears to be a useful technology for identification
of organisms in culture-negative periprosthetic joint infection. Its
high sensitivity precludes current use as a diagnostic modality for
periprosthetic joint infection, since it appears to also be capable of
identifying organisms that are not associated with clinically rel-
evant infection. Nevertheless, we believe these identifications to
represent true-positive results, and we believe that these findings
hint at the complex pathophysiology of periprosthetic joint in-
fection. Patients whose arthroplasty requires revision for what is
considered a noninfectious cause may in fact be experiencing
the long-term effects of subclinical infection. We are currently
working on expanding our cohort of patients to further analyze
the Ibis results and compare them with clinical laboratory find-
ings. We are also seeking to make improvements in our collec-
tion and processing techniques. For example, it appears that the
stringent methods used for sample collection in the present study
(e.g., flash-freezing and transportation on dry ice) are not nec-
essary for analysis by the Ibis; collection methods similar to those
used formicrobiological cultures aremore than adequate. Finally,
we believe that it will be extremely useful to expand this project
into a multi-institutional endeavor in order to standardize results
across different techniques and varying patient populations. n
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